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ABSTRACT

The serial discontinuity concept (SDC; Ward and Stanford, inEcology of River Systems, 1983) predicts that recovery of large
regulated rivers over distance downstream from a dam is limited by relative tributary size; however, channel geomorphology
may also influence the recovery process. We examined the spatial variation in water quality, benthic composition and ash-free
dry standing biomass (AFDM) among the bedrock-defined geomorphological reaches in three turbidity segments of the
Colorado River between Glen Canyon Dam and Diamond Creek, Arizona, including most of the Grand Canyon. This 387-km
long study area supported virtually no Ephemeroptera, Plecoptera or Trichoptera, probably because cold, stenothermic,
hypolimnetic releases limited maximum aestival warming to 17�1�C. The benthos displayed abrupt, physically related
decreases in AFDM over distance from the dam and in the varial zone. The 26-km long clear water segment between the dam
and the Paria River supported a depauperateCladophora glomerata/epiphyte/chironomid/Gammarus lacustris/lumbricine/
Physellasp. assemblage, and ooze-dwelling oligochaetes. This segment contained 6�9% of the aquatic habitat below the
140 m3/s (normal minimum) discharge stage of the Colorado River study area, but supported 63�5% of the benthic primary
producer AFDM and 87% of the benthic consumer AFDM in the entire study area. Turbidity increased and light penetration
decreased immediately downstream from the confluence of the small, turbid Paria River, and further downstream from the
Little Colorado River confluence. The benthos downstream from the Paria River was abruptly replaced by anOscillatoria/
Simuliiumassemblage with a mean AFDM of<0�12 g C/m2.

Dam-related effects on water clarity, varial flow and water temperature overrode geomorphological influences on habitat
availability. These results generally support the SDC, in that recovery of the benthos did not take place over distance in this
large river ecosystem; however, geomorphological differences in substratum availability between reaches mediated dam and
tributary effects on water clarity and benthic AFDM. Interactions between flow regulation and geomorphology produce a
pattern of circuitous recovery of some physical river ecosystem characteristics over distance from the dam, but not of the
benthos. Improving discharge management for endangered native fish populations requires detailed understanding of existing
and potential benthic development, and trophic interactions, throughout the geomorphological reaches and turbidity segments
in this river.# 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Flow regulation affects the distribution of river benthos over distance downstream from dams by altering
turbidity, water temperature and other discharge-related variables, and the roles of tributaries and natural channel
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geomorphology (Ward, 1976;Ward andStanford, 1979;Armitage,1984). Theserialdiscontinuity concept (SDC;
Ward andStanford, 1983,1995)proposesthat flow regulation interrupts river continua, resetting physical and
biological conditionsto those of lower streamorder. Restoration (recovery) of ecological characteristics that
typify comparable unregulatedriversoccursover distancedownstreamfrom the flow regulation point, andasa
result of interactions between the size and location of the dam in the drainagebasin,the location and size of
tributaries,andgeomorphological characteristics.Tributariesexert regionalor ‘biome’ effectson rivers(Minshall
et al., 1983; Corkum, 1991) and may contribute suspended load and/or thermal variability, which are often
reducedin thetailwaters of largedams (Brunset al., 1984;RaderandWard,1988;Storeyet al., 1991;Roos and
Pierterse, 1994; Johnson et al., 1995). Consequently, small regulatedrivers joined by one or more large
tributaries may be physically and biologically indistinguishable from comparableunregulated rivers, whereas
largerivers in arid biomeswith few, small tributariesmayremain highly alteredover long distancesdownstream
from the point of flow regulation.

Flow regulation andtributary inflow effects aresuperimposedon the templateof existing mainstreamchannel
geomorphology, which may mediatedistance-relatedbenthicchanges. In the topographically and geologically
diverse terrains that characterizemany large river basins, tectonicsand bedrock geology influence channel
geometry, velocity andsubstratedistribution acrossmicrosite, local, reach-basedandsystem-wide spatialscales
(Schmidt and Graf, 1990; Schmidt and Rubin, 1995). Geomorphological factors may strongly affect the
distribution of the benthos,fisheriesandfloodplain vegetation development(Hupp,1988;Gregory et al., 1991;
Newcombe and MacDonald, 1991; Stevenset al., 1995).However, channel geomorphologyinfluenceson the
benthosmaybeoverriddenby regulatedflow effects,andmaythereforeexertonly weak influenceson distance-
relatedbenthicchange.

Most datausedto testtheSDChavebeencollected from smaller, montanestreamsandin mesicregions(e.g.
Culp andDavies,1982;Cushing et al., 1980;Munn andBrusven, 1983;Mill er, 1985;RaderandWard, 1988;
Ryder and Scott, 1988; Volez and Ward, 1989; but seeStanfordet al., 1988).Few studieshaveattemptedto
quantify the influence of flow regulation on downstreambenthic changein relation to reach-based channel
geomorphology, particularly in large, regulated rivers in arid regions(but seesupporting data in Grimm and
Fisher, 1989; Minshall et al., 1992; Roos and Pierterse,1994; Helsesicand Sedlack, 1995; Johnson et al.,
1995). Suchstudiesare important becauseeconomic development has led to extensive modification of water
supplies in arid regions, therebyaltering fluvial habitats,benthos,autochthonousproduction, fish populations
and other ecosystem components and processes (e.g. Blinn and Cole, 1991; Minckley, 1991; Molles,
1992).

Management of high-order,regulated rivers is often compromised by a lack of dataon the pre-impoundment
condition, anddistance-relatedchangesin, waterquality relatedandbenthic variables(Allen andFlecker,1993).
In ecosystems,suchastheColoradoRiver in GrandCanyon,within-system,distance-relatedanalysesmayoffer
someinsight into pre-impoundment conditions.The role of flow regulation on ColoradoRiver benthic ecology
hasbeenexamined in headwaterreaches(Pearson,1967;RossandRushforth, 1980; RaderandWard, 1988),in
theremainingflowing reachesdownstreamfrom GrandCanyon(Winget, 1984;LiebermanandBurke,1993),and
in the tailwatersof Glen CanyonDam (Blinn et al., 1989, 1995; Angradi and Kubly, 1993; Angradi, 1994;
Shannonet al., 1994);however, dataon the mainstreambenthosin GrandCanyonare limited (Czarnecki and
Blinn, 1978; Blinn and Cole, 1991; Hardwick et al., 1992; Shannonet al., 1996). Suchdataare requiredto
develop managementstrategies and monitoring programmes. Such temporal and spatial data are neededto
understand the potential development of the benthos and the aquatic food basefor fisheries, and to infer
management strategiesfor benthicrecovery (GoreandShields,1995; Ligon et al., 1995).

In this paper we have tested the SDC and evaluated the rate of benthic recovery in the large,
geomorphologically complex Colorado River downstreamfrom Glen CanyonDam. We useda within-system,
distance-related approachto examine theeffectson thebenthosof physical, dam-relatedfactors(distance-related
turbidity and varial flows) and channel geomorphology (riffle versus pool habitats,and variation between
reaches)on the temporal variation of the benthos.We also presentdietary data, and review existing dietary
literature, on the dominant aquaticmacroinvertebratesin this system, in order to assessthe structureof the
aquatic food-web. We concludeby relating benthic structureto the predictions of the SDC, and we discuss
potentialmanagementstrategiesandeffectsin relation to proposedchanges in damoperations.
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METHODS

Studyarea

The Colorado River is the main river systemin the American South west, draining one-twelfth of the
coterminousUnited States.It is one of the most thoroughly controlled American rivers, and it is regulatedby
more than 40 large flow regulation structures (Hirsch et al., 1990). The river flows 472km throughnorthern
Arizona between Glen CanyonDam and Lake Mead, including lower Glen Canyon and all of GrandCanyon
(Figure 1). River locations are designated by distancefrom Lees Ferry, Arizona (river kilometre, km 0,
36�5200300N, 111�3504000W), which lies 24�5km downstreamfrom thedam.Theriver descendsfrom anelevation
of 947m at LeesFerry to 404m at DiamondCreek(km 363,35�460000N, 113�2203000W), with a mean gradientof
1�52m/km andwith mostof its descentoccurringin morethan165white waterrapids.Theriver is deeplyincised
into the uplifted ColoradoPlateau,andit flows throughSonoran andMohave desertscrub vegetation (Johnson,
1991).Meanannualprecipitation on thecanyonfloor is 215mm/year,bimodally distributedbetweenwinter and
summer (SellersandHill, 1974). Additional geographical informationon thissystemis presentedin Stevensetal.
(1995).

The ColoradoRiver is a debrisfan-dominatedriver constrainedby talusslopesandcliffs of Proterozoicand
Paleozoic bedrock strata,including resistant sandstones, limestones,igneousand crystalline strata, as well as
softershalesandsiltstones(HowardandDolan, 1981).Variation in bedrock hardnesscreates distinctive wide-

Figure1. Mapof theColoradoRiver in GrandCanyonNationalPark,Arizona.Studysitesaredesignatedby letterandaredescribedin TableI.
Benthicassemblages variedbetweenthreemajorturbidity segments of theriver: theclearwaterGlenCanyonreach(CW), thevariablyturbid
MarbleCanyonsegment(VT), andtheusuallyturbid Lower GrandCanyonsegment(UT). Boxesshowriver ecosystemenergyshifting from
autochthonoussourcesin theCW segmentto largelyallochthonoussourcesin thedownstreamturbid reaches.Dashedlineswithout arrowsin

the boxesindicateweaklinkagebetweentrophic levels
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TableI. Studysitesin theColoradoRiver in theGrandCanyon.Studysite letterspertainto Figures1 and8. Distance(km) is measuredfrom LeesFerry,Arizonawhich
lies 24�6km downstreamfrom Glen CanyonDam. Turbidity segmentsinclude the clear water (CW), variably turbid (VT) andusually turbid (UT) segments.Reach
nameshavebeenmodifiedfrom SchmidtandGraf (1990)andreachwidth wasmeasuredat 680m3/sby SchmidtandGraf (1990).Samplesizeis six for all waterquality
parametersat eachsite

Site Distance
from Lees

Ferry
(km)

Turbidity
segment

Reachnumber
(Figure8) and

name

Mean
reach

width (m)

Elevation
(mAMSL)

MeanDO (mg/l)
(mg/l; SD)

Meanspecific
conductivity

(mS; SD)

Meantemp.
(�C; SD)

MeanpH
(SD)

MeanSecchi
depth(m; SD)

A 0 CW 1. Glen Canyon 85�3 947 8�1 (1�16) 0�91 (0�02) 9�2 (2�20) 7�7 (0�19) 5�35 (1�01)
B 3 VT 2. PermianGorge 70�0 940 8�3 (1�38) 0�90 (0�04) 9�6 (2�17) 7�8 (0�34) 4�30 (2�12)
C 50 VT 4. RedwallGorge 67�1 871 10�2 (1�18) 0�79 (0�35) 10�0 (2�92) 7�6 (0�47) 1�02 (1�01)
D 83 VT 5. Marble Canyon 106�7 842 10�7 (0�66) 0�92 (0�04) 10�5 (2�38) 8�0 (0�26) 1�05 (1�15)
E 98 VT 5. Marble Canyon 106�7 821 10�5 (0�42) 0�94 (0�05) 10�8 (2�07) 7�9 (0�28) 1�38 (1�04)
F 110 UT 6. FurnaceFlats 118�9 810 10�6 (0�82) 1�00 (0�06) 10�5 (2�37) 7�9 (0�21) 0�97 (1�36)
G 142 UT 7. UpperGranite

Gorge
57�9 734 10�9 (0�20) 1�02 (0�05) 10�8 (2�34) 8�1 (0�13) 1�15 (1�80)

H 232 UT 10. Muav Gorge 54�9 568 10�7 (0�77) 1�01 (0�06) 11�4 (2�42) 8�1 (0�13) 0�37 (0�42)
I 240 UT 11. Lower Canyon

Reach
54�9 540 11�0 (0�77) 0�99 (0�05) 10�2 (1�97) 8�2 (0�12) 0�15 (0�03)

J 329 UT 11. Lower Canyon
Reach

94�5 450 10�8 (0�28) 0�98 (0�03) 11�6 (3�03) 7�9 (0�30) 0�85 (0�77)

K 352 UT 12. Lower Granite
Gorge

73�2 409 11�2 (0�37) 1�00 (0�05) 12�7 (3�97) 8�0 (0�23) 0�20 (0�10)
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shallowandnarrow-deepgeomorphological reaches(Schmidt andGraf, 1990;TableI; Figure 1). Theuppermost
Glen Canyonreach is wide (meanwidth > 85m); two wide and two narrow (< 85m wide) reachesoccur in
MarbleCanyonbetween thePariaRiver (km 1) andtheLittle ColoradoRiver (km 98)confluences;andtheGrand
Canyonsectionbetweenkm 98 andLakeMeadcontainsthreewideandfive narrow reaches.Thenumberof sand-
bar deposits andfluvial marshes,andthe percentagecoverof soft versus firm substrataon the channel bed,are
positively correlated with reach width (Schmidt and Graf, 1987,1990; Stevenset al., 1995).Debris-faneddy
complexes exist at eachtributary confluence, creatingspatially fixed and geomorphologically distinctive pool,
riffle andreturncurrentchannel (backwater)habitats(HowardandDolan,1981;Kieffer,1985;Webbetal., 1989;
Schmidt andGraf, 1990).

TheunregulatedColoradoRiverwasflood-prone,turbid, andwarmedduringsummer. Themeandaily pre-dam
flow from 1922 to 1962 was 470�4m3/s, with a mean annualflood peakof 2450m3/s, a 10-year flow return
frequency of 3540m3/s, an historic peakflow of 8500m3/s anda paleo-flood peakflow of 14000m3/s (Howard
and Dolan, 1981; O’Conner et al., 1994). The river transported a highly variable mean sedimentload of
6�061010 kg/year pastLeesFerry (Andrews,1991)andwasvirtually alwaysturbid.Pre-damwatertemperature
rangedfrom freezingin winter to 29�4�C in thesummerat LeesFerry (W. Vernieu,US Bureauof Reclamation,
Flagstaff, AZ, personal communication),andtheriver supporteda largely endemic, warmwaterfish assemblage
(Blinn and Cole, 1991; Minckley, 1991). Numerouspre-dam photographsreveal little benthic algal cover on
rocksduring low flows (TurnerandKarpiscak,1980; StephensandShoemaker, 1987;Webb,1996),suggesting
that scouring floodslimited the colonization andgrowth of benthicmacroalgae.

The200-mhigh GlenCanyonDamwascompleted in 1963,creatingLakePowell reservoir andregulating the
ColoradoRiver throughGrandCanyon (Stanford andWard, 1991).Although mean daily flow (412�2m3/s) did
not changegreatly, impoundmentgreatlyreducedflood frequencyandmagnitude,increasedhourly varying flow,
decreased sedimenttransport andcreatedcold, stenothermic conditions (Andrews,1991;Blinn andCole,1991).
Post-damriver flows from 1965to 1991fluctuatedwidely on anhourly basisbut little seasonally. During normal
inflow years, themaximumrangeof daily flows exceeded750m3/s every monthof theyear.This largerangein
daily flow approximatedthe post-dam annualdischarge range, andexposed the benthosalong the shoreline to
daily desiccation(Angradi andKubly, 1993;Blinn et al., 1995).

Impoundmentreducedsedimenttransportat LeesFerryto < 1%of pre-damlevels(HowardandDolan,1981),
andmainstreamturbidity is now largely determinedby tributary-derived suspendedsediment contributions.More
than490ephemeral and40 perennial tributariesjoin theColoradoRiver in GrandCanyon,but only six perennial
tributaries havemean flows > 1 m3/s. Although the baseflow of the PariaRiver (the mostupstreamperennial
tributary) is only 0�2m3/s (< 0�002% of the meanmainstream flow), it contributesan averageof 2�756106

tonnesof suspendedsediment/year, with concentrationsof up to 780000mg/l (Graf et al., 1991). The Little
ColoradoRiver annually supplies threetimes moresuspendedsediment thanthe Paria River, andKanabCreek
(km 230) providesadditional sediment in the lower Canyon(Andrews,1991;Figure 1). Turbid inflow from the
PariaRiver reducesmaximum benthic light availability between km 1 and98 approximately 70%of thetime on
anerratic,seasonalbasis.Cumulatively, thePariaRiver, Little ColoradoRiver andsubsequenttributariesreduce
maximum light availability in the middle and lower Grand Canyon 80% of the time (M. Yard, Bureauof
Reclamation biologist, Flagstaff, AZ, written communication).

Sediment retention by Glen Canyon Dam andthe locationsof sediment-contributingtributaries havecreated
threemainstream turbidity segments(Table I; Figure 1): the clearwatersegment(the Glen Canyonreach) lies
between GlenCanyonDamandthePariaRiver confluence;thevariablyturbid segmentincludes thefour reaches
between theParia RiverandtheLittl eColoradoRiver in MarbleCanyon;andtheusuallyturbid middleandlower
GrandCanyonsegmentincludes the sevenreachesbetween the Lit tle ColoradoRiver andLake Mead.

Field data collection

We sampled waterquality variablesandbenthicalgal andmacroinvertebrate standing biomassat bimonthly
intervals in 1991at 11 stationsbetween LeesFerry andDiamond Creek(Table I; Figure1). We sampledpool
(velocities< 1�0m/s)andriffle/rapid (> 1�0m/s)habitatsin six wide andfive narrowreaches,usingpetit Ponar
(0�02m2 area) or Peterson (0�09m2 area)dredges in pool environments,and Hess samplers(0�11m2 area) in
cobble-bottomed riffle habitats.Three to six samples were collected in eachof three stage zones: the deep
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submerged zone(< 80m3/s, poolsonly), the shallowsubmergedzone(80–142m3/s and the varial zone(142–
792m3/s, nearthe maximumpower plant releasestage).Sampleswere collected at the lowest daily discharge
level. Althoughwe sampledduringUS Bureauof Reclamationtestflows (Patten,1991),releaseswerewithin the
rangeof normal damoperationsandwereasvariableasthose of previousyears.

Water quality was measuredat eachstudy site six times in 1991 using a HydrolabTM portable field sensor.
Water quality variables included dissolved oxygen(DO), specificconductance(mS), temperature (�C) andpH.
Sample depth, Secchi depth (water transparency) and velocity (measuredwith a Marsh–McBirneyTM #201
velocity meter)or stagewerealsomeasured. Substratewasnoted for eachsample.

Benthic standing mass was sorted into primary producers(Cladophora glomerata, Oscillatoria spp.),
consumers (molluscan grazers, chironomids, Gammarus lacustris, simuliid filter feeders, megadrile and
microdrile oligochaeteoozefeeders,andotheraquaticmacroinvertebrates)anddetritus.Samplesweredried at
60�C to constantmass andweighed. Subsampleswereashedat 500�C for 1h anddry mass wasconverted to gC/
m2 ash-freedry mass(AFDM). Linear regressionequations between standing dry biomass and AFDM values
weredevelopedfor largesamples of eachcategory,andusedto convert dry massvaluesto AFDM.

We analysed the gut contents of chironomid midge larvae, the numerically dominant benthic
macroinvertebrate taxon in this system,to determine the trophic role of benthicalgae (Cladophora glomerata
andOscillatoria spp.). Chironomid larvaecollectedfrom themainstreamat LeesFerry (n� 10),km 51 (15), and
km 361 (21) wereplacedin 70% EtOH. Specimensweresoaked in 10% KOH for 3–12h (depending on larval
size)to clear the integumentwhile maintaining the integrity of thegut andits contents.Clearedspecimenswere
inspected under1000magnification for frequency of diatoms, Cladophora, Oscillatoria, detritusand inorganic
particles. Gammarus diet datawerederivedfrom Pinney (1991)andShannonet al. (1994).

Analyses

We described relationshipsbetweenAFDM of biotic componentsand the physical, chemical, spatial and
temporal variablesusing multivariate canonical correspondenceanalysis (CANOCO; Ter Braak, 1992). This
direct gradient ordination approach is a widely used principal components-style analysis (Palmer, 1993).
CANOCOemploys dataon speciesdistributions in samplingunits to definemultivariateaxes,andusesmultiple
regression analysis to correlatefactor loading scoresfor samplesin speciesspacewith environmentalpredictor
variables.We alsousedPearson correlation analysiswith serial Bonferroni-adjustedprobabilities (Rice, 1989)
statistically to describe the correlations betweenphysical and biotic variablesand CANOCO factor scores
(SYSTAT 5.03; Wilki nson,1991).

We analysedthe effectsand interactions of impoundment, geomorphology and season on loge(AFDM� 1)
transformedvaluesof 10 biotic responsevariablesusingmultiple analysis of variance(MANOVA; Wilkinson,
1991).An overall impoundmentfactorwascreated usingthethreeturbidity segments of theriver andthreestage
zones, creating nine treatment levels.The threestagezones(deepandshallowsubmerged,andthe varial zone)
providedanexposure gradient resulting from dam-createdvarial flow. The frequencyof daily exposure of these
zonesundernormal damoperationsat LeesFerry was2, 40 and97%, respectively.

An overall geomorphologyfactorwasgeneratedusinglocal habitat (pool versusriffle/rapid settings)andreach
width (narrow versus wide), producing four treatment levels. Pair-wise interactions between dam and
geomorphological effects with seasonwere also tested, and MANOVA and univariate ANOVA tests were
employed to explorepredictor effects on individualbiotic components.We corroboratedMANOVA results with
separate Mann–Whitney or Kruskall–Wallis tests,andusing serialBonferroni analyses.

We estimated total benthic AFDM of algaeandmacroinvertebratesbelowthe142m3/s stage(thenormallow
water stage)in the 10 geomorphological reachessampled during this study.This involved combining channel
floor surfacearea,percentcoverof firm andsoft substrata andbenthic AFDM in eachreach.We coupledwetted
perimeter measurementsfrom 730 river cross-sectionsand additionalbathymetric datafrom the Glen Canyon
reach(M. Yard, US Bureauof Reclamation, Flagstaff, Arizona, unpublisheddata)to estimate bed surfacearea
< 142m3/s, the normal low discharge level. We multiplied surfaceareavaluesby the percentagefirm (boulder
or bedrock) or sandcover in eachreach,derivedfrom analysisof side-scanSONAR (Schmidt andGraf, 1987).
We then multiplied these values by mean annual benthic AFDM estimatesfor firm and soft substrata,
respectively.
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RESULTS

Waterquality parameters

Waterquality variableschanged overdistancefrom GlenCanyonDam,andseasonally (TablesI andII; Figure
2). Temperature ranged from 6�5�C in January 1991at km 3 (Site B) to 17�1�C in late May at Diamond Creek
(Figure2A). Water temperatureswere stenothermicor declinedslightly during thewinter months,but increased
by 9�C throughthe GrandCanyonduring summer. The maximum temperaturerecordedin the lower Canyon
occurredduring a constant142m3/s testflow. Overall, the annual,system-widepost-damsummer temperature
range(10�6�C) wasapproximately onethird of the pre-damrangeat LeesFerry (29�4�C).

Dissolvedoxygen(DO) concentrationvariedsignificantly overdistance from thedam(TablesI andII; Figure
2B). Valuesof DO wererelatively low (5 6�6mg/l) at LeesFerryandincreasedsignificantly to saturation asthe
river passedthroughthefirst few largerapids.DO increasedduringthemiddle of thesummerat LeesFerry,and
alsovariedhourly at this location.Specific conductance(not shown)variedin a similar fashionto DO, ranging
from a low of 0�83 to 1�10mS, increasingslightly downstream.

Hydrogenion concentration (pH) varied from 6�8 to 8�4, shifting slightly between seasons,but not greatly
between study sites (Figure 2C). The trend of increasing pH during autumn, 1991 may be attributable to
decreased mainstreamflows in the autumn of 1991 (which allowed carbonate-rich tributary baseflows to
influencethe mainstream) or to variation in Lake Powell’s volume.

Secchidepth (water transparency)wasstronglynegativelycorrelatedwith distancefrom Glen CanyonDam
(Figure2D). Secchidepthsrangedfrom 7�0m at LeesFerry to 0�02m at downstreamsites.Secchidepth declined
afterkm 1, andagain at theLittle ColoradoRiver confluence.Monsoonalprecipitation andgreater-than-baseflow
discharge from tributaries decreasedSecchidepthslightly but not significantly during the summer months.The

TableII. Pearsoncorrelationanalysisof physicalandselectedbiotic variablesthroughthe11ColoradoRiver studysitesin the
GrandCanyon,Arizona.Variablesinclude:dissolvedoxygen(DO,mg/l), specificconductance(SC,mS), temperature(T, �C),
pH, Secchidepth (S,m), estimatedvelocity (V, m2/s), distancefrom Lees Ferry (km0), detrital mass(D, AFDM gC/m2),
Julian day (JD), total primary producerstandingbiomass(TPP,AFDM gC/m2) and total macroinvertebratestandingmass
(TM, AFDM gC/m2). A serial Bonferroni analysis (Rice, 1989) at p4 0�05 was used to evaluate the statistical
significanceof pair-wisecorrelations

DO SC T pH S V KM D JD TPP TM

DO 1�000
SC 0�367 1�000

*
T 0�111 ÿ0�021 1�000

nsd nsd
pH 0�360 0�396 ÿ0�157 1�000

nsd * nsd
S ÿ0�623 ÿ0�226 0�023 0�337 1�000

* nsd nsd nsd
V ÿ0�183 0�124 ÿ0�099 0�037 ÿ0�044 1�000

nsd nsd nsd nsd nsd
KM 0�555 0�320 0�360 0�310 ÿ0�604 ÿ0�326 1�000

* nsd nsd nsd * nsd
D ÿ0�233 ÿ0�037 ÿ0�169 ÿ0�044 0�143 ÿ0�163 ÿ0�151 1�000

nsd nsd nsd nsd nsd nsd nsd
JD ÿ0�454 ÿ0�007 0�301 ÿ0�344 0�199 ÿ0�113 ÿ0�109 0�189 1�000

* nsd nsd nsd nsd nsd nsd nsd
TPP ÿ0�234 0�005 ÿ0�115 ÿ0�275 0�373 0�016 ÿ0�240 ÿ0�035 0�030 1�000

nsd nsd nsd nsd * nsd nsd nsd nsd
TM ÿ0�406 ÿ0�085 ÿ0�137 ÿ0�238 0�509 ÿ0�116 ÿ0�304 0�099 0�104 0�547 1�000

* nsd nsd nsd * nsd nsd nsd nsd *

nsdp> 0�05
* p40�05
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summer of 1991 was relatively dry and the pattern of tributary-relatedturbidity over distance downstreamis
expected to be morepronouncedin normal, wetteryears.

SerialBonferroni-adjustedPearson correlationanalysis revealedthatDO increasedsignificantly with distance
downstreamfrom LeesFerry (TableII). Both DO andpH werepositively correlatedwith specificconductance,
andDO wasnegatively correlatedwith Julianday.DO wasnegatively correlatedwith Secchidepth, anartefactof
proximity to both the damandthe Paria River.

Thebenthos

Cladophora glomerata strongly dominatedthe clearwaterreachupstream from the Paria River, with a mean
AFDM of 15�5gC/m2 in the deep-submergedandshallow-submerged zonesat LeesFerry (SD� 24�76gC/m2;
TableII; Figure 3A). AverageCladophora AFDM abruptly decreasedby 33�7-fold to 0�5gC/m2 at Site B, just
downstreamfrom thePariaRiver confluence.AverageCladophora AFDM in cobble barsroseslightly to 3�0gC/
m2 nearthe Little ColoradoRiver, andthendecreasedto 0�9 (SD� 1�63gC/m2) in the middle andlower Grand
Canyon.MeanCladophora AFDM rarelyexceeded0�1gC/m2 in pool environments downstreamfrom theParia
River confluence, and Cladophora did not occur to any significant extent abovethe normal minimum stage.
Other, comparatively rare, primary producers were collected near Lees Ferry but not downstream,including
Oedogonium spp.,Draparnaldia spp.,PotamogetonandStigeogloniumspp.

CrustoseOscillatoria spp.matsstrongly dominatedfirm-bottomedsubstratadownstreamfrom thePariaRiver
(Table II; Figure 3B). Mean Oscillatoria AFDM abruptly increased from 0�003 (SD� 0�012) g C/m2 at Lees
Ferry to 0�6 (SD� 1�46) g C/m2 at km 3. MeanOscillatoria AFDM increasedto 7�3gC/m2 downriver from the

136 L. E. STEVENS,J. P. SHANNON AND D. W. BLINN

# 1997by JohnWiley & Sons,Ltd. Regul.Rivers.Vol. 13, 129–149(1997)



Little ColoradoRiver on cobble-bars,but wasvirtually absent in pool environments,except at thekm 97 station,
which was partially floored with cobble. In contrast to Cladophora, we observed that Oscillatoria remained
viable in the lower varial zone, surviving relatively long periods of exposure.Total autotrophAFDM was
positively correlatedwith Secchidepth,with muchhigherAFDM in the clearwaterGlenCanyonReach(Table
II).

Macroinvertebrate composition and AFDM varied over distance downstreamand in relation to reach,local
habitatandstage elevationgradients(Table II; Figure3C). Abundantaquatic macroinvertebratesat LeesFerry
included Gammarus lacustris, various Chironomidae (especially Cricotopus annulator, C. globistylus and
Orthocladiusrivicola), snails(Physella sp.andFossaria obrussa) andmegadrileworms(especially Lumbricidae
and Lumbricullidae), which were associated with the Cladophora beds,as well as ooze-and gravel-dwelling
oligochaetes(Naididae andTubificidae) andsphaeriid clams (Pisidium variable andP. walkeri).

LeesFerrysupportedanannualmeaninvertebrateAFDM of 2�9gC/m2 (SD� 4�01gC/m2). Macroinvertebrate
AFDM waspositively correlated with autotrophAFDM (p� 0�05; TableII). Macroinvertebrate AFDM wasalso
significantly positively correlatedwith Secchidepth,but was negativelycorrelatedwith DO concentration, an
artefactof the relatively low DO in the Glen CanyonReach.

Downstream from the Paria River, Simuliium arcticum (Simuliidae) and lumbriculoid worms were the
dominant macroinvertebratesin riffle habitats,especially on firm substrata,including lodged driftwood, and
chironomids were erratic. Ten additional macroinvertebrate orderswere encounteredin the river in 1991,but
thesewererare,comprising < 0�1% of the AFDM at any sampling site.Pool habitatsdownstreamfrom km 50
werevirtually devoidof macroinvertebrates.

Figure3. Spatialandtemporaldistribution of biotic variablesthroughthe studyareain 1991:(A) total meanCladophoraglomerataAFDM
(gC/m2); (B) total mean Oscillatoria spp. AFDM; (C) mean total aquatic macroinvertebrateAFDM; and (D) total mean detrital

AFDM
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TableIII. MANOVA tableof theeffectsof damimpacts(distanceandstagezone),geomorphology(poolversusriffle/rapidhabitatsandwideversusnarrowreaches),and
season(winter, spring,summer,autumn)on loge-transformed(AFDM�1) of two benthicalgal taxa (Cl�Cladophoraglomerata, Os�Oscillatoria spp.)and seven
invertebratetaxa (L� lumbricine worms,G�Gammaruslacustris, Ol�other oligochaetes,Si�Simuliiumarcticum, Ch� chironomidmidges,P�Physellasp. and
OIn�other invertebrates)

Source Wilks
lambda

Approx Responsevariables

F p Cl Os L G Ol Si Ch P OIn

Overall model: F63,2495

Dam(D)�Geo(G)�Season(S)� (D*G)� (D*S)� (G*S) 0�341 8�349 <0�0001 *** *** *** *** *** * *** *** ***
Primaryeffects F9,442

D 0�955 2�322 0�014 * nsd nsd * t * nsd nsd *
G 0�908 4�983 0�000 *** nsd *** *** nsd * t nsd nsd
S 0�972 1�418 0�178 nsd nsd nsd nsd t nsd nsd nsd nsd

Two-way interations
D6G 0�897 5�635 0�000 *** nsd *** *** nsd * t nsd **
D6S 0�948 2�677 0�005 nsd nsd * nsd * nsd t nsd *
G6S 0�964 1�800 0�065 nsd nsd nsd nsd nsd nsd nsd nsd t

nsdp> 0�1
t 0�05<p>0�10
* p< 0�05
** 0�01<p> 0�05
*** p<0�001
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Mean macroinvertebrateAFDM on cobble-bars decreased 8�3-fold immediately downstreamfrom the Paria
River confluence,andanadditional three-folddownstreamfrom theLittle ColoradoRiver confluence.The Lees
Ferry cobble-bar supported a 2�7-fold higher (not significantly different) invertebrate AFDM thandid the pool
environment, whereascobble-barssupported increasingly greater (>20-fold) AFDM anddifferent composition
of invertebrateswith distance downstreamfrom the PariaRiver, ascompared to pools.

Benthicdetrital carbon (>1mm) AFDM washighly variable,anddemonstratedno statistical differenceover
distance downstreamor between seasons(TablesI andIII; Figure 3D). Detrituswasparticularly abundant in the
LeesFerry pool wherebeaver (Castor canadensis) introducedsubstantial massesof wood to the river floor. A
trendof increased detritusaccumulation in autumn 1991may havebeenrelated to lower flows.

Trophic relations

As demonstrated for Gammarus by Pinney (1991) and Shannonet al. (1994), chironomid larval diet
predominantly consistedof epiphyticdiatoms, bacteriaandlimited detritus.Algaemade up 61�4% (SD� 29�73)
of theintestinal tract contentsof chironomid larvaeatLeesFerry, 30�7%(SD� 34�08)atkm 51,and7�5%(SD�
9�17) at km 361. Diatoms comprised > 95% of the algae in chironomid larvae guts at each location, and
Cladophora fragmentscomprised< 1%of thetotal gutcontents.Thediatomgeneramostfrequentlyencountered
in chironomid guts were Achnanthes, Cocconeis, Cymbella, Diatoma and Rhoicosphenia, all of which are
commonepiphytes associatedwith Cladophora in this system (Czarnecki andBlinn, 1978;Blinn et al., 1989;
Hardwick et al., 1992).Chironomid larvae> 4mm in lengthaveraged1013diatomcells per larva,while larvae
44mm averaged41�3 diatom cells per larva. The averagecell dimensions for diatoms in the GI tract were
9�4mm (SD� 8�14)651�2mm (SD� 167�52).Detritus,bacteriaandsandcomprisedthebalanceof thediet, and
no Oscillatoria filamentsoccurredin chironomid gut samples.Larger chironomidsconsumedhigher quantitiesof
sand.

Ordination

Ordinationanalysesrevealedthat flow regulation overrodegeomorphological influenceson the benthos.The
first two CANOCOaxesexplained80�8% of thespecies–environment relationshipof benthicspeciesin samples
space(Figure4). Axis 1 (eigenvalue� 0�586,species–environmentvariance contribution� 62�2%) wasstrongly
positively correlated with distance downstreamand stagezone,and negativelycorrelated with Secchidepth.
Thesethreevariablesarethe dam-relatedpredictors. Cladophora andmostaquatic macroinvertebrateshadlow
negative scoreson axis 1, while Oscillatoria hada high positivescore.

The second CANOCO axis was correlatedwith geomorphological factors, as well as with season and
interactions betweengeomorphic and dam-relatedvariables.Axis 2 (eigenvalue� 0�175, species–environment
variance contribution� 18�6%) was negatively correlated with habitat type, velocity and DO concentration.
Simuliium arcticum and lumbriculoid worms were distributed erratically throughoutthe river corridor in riffle
habitats,andhadrelatively high positivescoreson axis 2.

Analysesof samples in speciesspacelikewise revealedstrong correlationsof siteswith physical gradients in
this system(Figure 5). The individual study sitesandcentroids of the turbidity segments revealed a sigmoidal
pattern over distancedownstreamfrom the dam (Figure 5A). This ‘circuitous recovery’ pattern indicates
that increasing turbidity exerts the greatest influence on the benthos in this nearly stenothermic river;
wide geomorphological reaches(e.g.A,D, E in Figure 5A) support higher benthicAFDM thando narrow reaches
(e.g. B, C, F–H), and benthic AFDM decreases over distancedownstream. Therefore, geomorphological
reachesmediate turbidity effects. Pool and riffle habitat differences in AFDM were not significant at the
LeesFerry site,andincreasedin differenceover distance downstream(Figure5B). Stageelevationzones(Figure
5C) strongly influenced benthiccomposition; however, the influence of seasonality on the benthos was weak
(Figure5D).

Dam,geomorphological and seasonal effects

MANOVA analysisof dam-relatedfactors(D) andgeomorphological factors (G), andD6G andD6 season
(S) interactions corroboratedthe ordination patterns described above (overall MANOVA p< 0�0001), and
indicatedthat seasonal effectsalonewerenot significant (Table III). Significant D effects(p� 0�014) involved
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reducedbenthic ADFM at downstream sites compared with Lees Ferry, particularly of Cladophora and
Gammarus, aswell asanegativecorrelationbetweenAFDM andstagezone(Table III; Figure6). Thevarial zone
contained little life, with only 34 organismscollected in 396,0�002m3 samplesin thatzoneduring a full yearof
intensivesampling.MANOVA resultswere supported by serial Bonferroni-adjustedKruskall–Wallis testson
eachbiotic componentacrossthe nine dam-relatedtreatment levels (tKW,8 df> 77�137, p< 0�0001,n� 458, for
eachbiotic componentrespectively).

Geomorphology influencedthe distribution of the benthos, but to a much lesserextentthandid dameffects
(p< 0�001;TableIII; Figure7). Wide reachessupported increasingly greater proportionsof benthicAFDM over
distance downstreamthan did narrow reaches.At the local geomorphologicalscale,firm-bottomedriffle/rapid
habitatssupported increasingly greaterproportionsof total benthicAFDM over distance downstreamthan did
soft-bottomed pool habitats.Theseresults were supported by separate Kruskall–Wallis testson each biotic
componentacrossthe four geomorphologically relatedtreatment levels (tKW, 3df> 22�045,p< 0�0001for each
biotic component,respectively), except for the naidid/tubificid oligochaetesand Physella snails (tKW, 3df�

10�889 and13�065,andp� 0�012 andp� 0�004, respectively).
The significant D6G interaction effect wasattributable to distance-relateddecreasesin AFDM in the deep-

submerged zonecomparedwith the shallowsubmergedzone(Table III; Figure 6); andto high andstatistically
equivalentpool andriffle benthic AFDM at LeesFerry, but higherriffle thanpool AFDM in downstreamreaches
(Figure7).

Seasondid not play a role in predicting AFDM by itself; however, thesignificant S6D interaction (TableIII )
wasattributable to summertime increasesin oligochaeteandchironomid populationsin the shallow-submerged
zoneat LeesFerry, aswell asincreasedoccurrenceof thefew other invertebratetaxaat middleandlower canyon
sites.The absence of direct seasonal effectswas further supported by separateKruskall–Wallis testson each
biotic componentin summerversuswinter (tKW, 8df< 0�279,p> 0�095,for eachbiotic component, respectively).

Figure4. Canonical community correspondenceanalysis(CANOCO,Ter Braak,1992)showingspeciesandenvironmental variablefactor
loadingscoreson the two axes.Axis 1 waspositively correlatedwith dam-inducedalterationof the ColoradoRiver, including gradientsof
distance-relatedwaterclarity (Secchidepth)andstageelevation.Axis 2 wascorrelatedwith geomorphologicalvariablesat local (pool versus

riffle habitats)andreach-based(reachwidth) spatialscales
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Reach-basedbenthic standing mass

Thetotal estimatedAFDM of benthic algaeandmacroinvertebratesdifferedstrongly betweenreaches(Figure
8). The clear,cold, stenothermic 26�1-km long Glen Canyon reach comprisedapproximately 6�9% of the total
channel bedarealying below the 142m3/s stage,yet it supported an estimated63�3% of the total benthicalgal
massand86�9% of the total aquatic invertebratemass of the 385-kmlong river corridor between Glen Canyon
Dam and Diamond Creek. Downstream from the Paria River, Cladophora and, to a lesser extent,
macroinvertebrate AFDM were higher in wide reaches(Figure 8A and C, respectively), while reach-based
estimated Oscillatoria mass generally increasedover distance downstream(Figure 8B). Estimatedtotal detrital
masswas somewhat higher at LeesFerry, but showed no consistentpattern with respect to the other reaches
(Figure8D).

DISCUSSION

Overview

Benthic assemblage composition and structure in the Colorado River is primarily determined by flow
regulation effectson waterclarity andstageelevation,andis secondarily influencedby geomorphological effects
of substratum distribution andreachwidth. The reductionof seasonal warming,another flow regulation effect,
probably alsodramatically alteredthebenthicinvertebratecompositionin this system.Thesephysically induced

Figure5. Canonicalcommunity correspondenceanalysis(TerBraak,1992)of factorloadingscoresfor samplesin speciesspaceonaxes1 and
2. Dashedcirclesrepresent1 SDaroundthemeansamplescoresin relationto eachgradientor factor.(A) A sigmoidaldistanceandturbidity-
relatedshift in assemblagestructureoccurredbetweenLeesFerry (Site A) and DiamondCreek(Site K; Table I). Centroidsfor turbidity
segmentsinclude:CW� the clearwaterGlen Canyonsegment; VT� the variably turbid Marble Canyonsegment; UT� the usually turbid
GrandCanyonsegment.(B) Benthic compositionshifted in relation to habitatand velocity betweenpool and riffle habitats.(C) Benthic
compositionshiftedin relationto stagezonefrom deepsubmerged(DS) to shallowsubmerged(SS)to varial (Var) habitats.(D) Winter and
summercentroidmeanandstandarddeviationsdemonstrate that little changein benthiccompositionoccurredon a seasonalbasis(numbers

representmonths)
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(bottom-up) patternsprovidesupport for theserialdiscontinuity concept (WardandStanford, 1983)in this large,
arid-landsriver; however,reach-basedgeomorphological influencesonchannel width andsubstratumavailability
mediatebenthiccommunity characteristics.

Theclear water benthos

Theclearwatersegmentupstreamfrom thePariaRiver supportedanautochthonous,tightly linked assemblage
of Cladophora, epiphytesandgrazingmacroinvertebrates(Cricotopus spp.andOrthocladius spp.chironomids;
Gammaruslacustris; lumbriculoids;Physella), with a meantotal standing massof 18�5gC/m2 below the80m3/s
stage(Figure1). Standing massvariedlittle between clearwaterriffle andpool habitats,or betweensoft andfirm
substrata, becauseCladophora colonized nearly all of the channel floor below the varial zone. Therefore,
geomorphological influenceswerereducedin importance in this reach.

Cladophora glomeratais a widely distributed, filamentousgreen alga (Whitton, 1970;Grahamet al., 1982;
Dodds, 1991)which doesnot directly provide nutrition to macroinvertebratesin this system; rather, it provides
cover for macroinvertebratesand habitat structurefor the algal epiphytes (mostly diatoms) that comprisedthe
majority of thediet of thoseinvertebrates(Shannon et al., 1994).Pinney (1991)reportedthatdiatomscomprised
> 90%of thedietof Gammaruslacustris atLeesFerry,with thebalanceconsistingof cyanobacteriaanddetritus,
but not Cladophora. Gammarusselected upright periphyticdiatomtaxa(e.g.Rhoicosphenia andDiatoma) over
adnately attached genera (e.g. Cocconeis) on Cladophora, despite the greatabundance of adnate diatoms on
Cladophora. Shannonet al. (1994) corroborated this finding and documented experimentally that Gammarus
detected chemical cuesfrom diatoms.Our dietarydatafurther corroboratethe relianceof chironomid larvaeon
epiphytes, but not on Cladophora.

Figure6. Flow regulationaffectsbiotic componentsacrossthreestagezones(DS�deep-submerged,SS� shallow-submerged,Var� varial
zoneof hourlyflow fluctuation)in theclearwater(CW), variablyturbid (VT) andusuallyturbid (UT) segments(seeTableI). Dataarepooled
within reachesand zones,and the y-axis is log10 transformed. Biotic componentsare AFDM gC/m2 of two algal and sevenaquatic

invertebrate taxa,anderror barsare1SE
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Figure7. Effectsof geomorphology on nine biotic variables,with habitat(P� pool versusR� riffle/rapid) coupledwith reachwidth at the
clearwater(CW) LeesFerrysite,andin downstream narrow(N) andwide (W) reaches(SchmidtandGraf,1990).Thesedataincludeonly the
deepand shallow submergedzones,not the varial zone.The y-axis is log10 transformed.Pool and riffle dataat LeesFerry are presented
separatelybecausestanding biomass was substantially higher there than downstreamfrom the Paria River confluence(univariate

F1,208�73�312,p< 0�0001).Error barsare1SE

Figure 8. Total estimatedAFDM of biotic componentsin 10 of the 12 bedrock-definedgeomorphological reachesof the ColoradoRiver
betweenGlen CanyonDam and Lake Mead,Arizona (modified from Schmidtand Graf. 1990; Table I): (A) Cladophoraglomerata, (B)
Oscillatoria spp.,(C) invertebrates,(D) benthicdetritus.They-axis is log10 transformed.Reaches3 and8 areshort,narrowreachesthatwere

not sampled,but are likely to be similar to adjacentreaches.
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Dam-related increasedwaterclarity strongly alteredbenthiccomposition andstandingmassin theclearwater
reach.StoneandRathbun (Arizona GameandFish Department, Phoenix,AZ, unpublisheddata)reported that
Cladophora rapidly colonizedthe river floor betweenthedamandtheParia River confluence in 1966and1967.
The shortclear watersegmentsupported the majority of the algal andmacroinvertebrateAFDM in the 389-km
long study area.

The clear water benthos is strongly linked to higher trophic levels, including the fisheries(Leibfried, 1988;
Blinn et al., 1995)andriparian insectivores,which feedon the aerial life stagesof aquaticDiptera (Blinn and
Cole,1991).In addition, drifting organicmatteris transported into the less productive reachesdownstreamfrom
the PariaRiver (AngradiandKubly, 1994).Angradi (1994)suggested that material spiralsin this systemwere
relatively short,a prediction consistentwith the concepts of Elwood et al. (1983) in regulated rivers; however,
Graf (1995)demonstratedexperimentally, relativelyrapidmovementof dyecloudsthroughthis system, andlittle
retentionby eddies.The importance of organicdrift from the Glen Canyonreach to downstreamdecomposers
requires further investigation.

Thebenthosin turbid reaches

Mainstream turbidity wassubstantially andconsistently alteredby downstreamtributaries(TableI). Tributary-
derivedsuspendedsediment loads reducedCladophora AFDM in an abrupt,‘stairstep’ fashion, with a 37-fold
decreasein meanAFDM at the PariaRiver confluence,andfurther at the Little ColoradoRiver andsubsequent
tributary confluences.Hardwick et al. (1992)reported that epiphyticdiatomdensities on Cladophora decreased
by > 25% from LeesFerry to km 364. Similarly, Gammarus AFDM decreased22-fold in riffle habitatsfrom
LeesFerryto theLit tle ColoradoRiver, andto nearnegligible levelsfurtherdownstream,andtheAFDM of other
macroinvertebratesalsodecreased sharply downstreamfrom the PariaRiver confluence.

Oscillatoria spp.replaced Cladophora asthedominantfirm-substratum benthicalgal taxondownstreamfrom
the Paria River. We observedthat Oscillatoria exhibited a greatertoleranceto desiccation under daily and
monthly fluctuating flows, conferring on it a selective advantageunder highly varying flows. Crustose
Oscillatoria matsprovidelesssurfaceareafor diatomattachment andcolonization,andwerenot utilized asfood
by macroinvertebrates. Consequently, Oscillatoria supported little invertebrate standing mass. The lack of
Oscillatoria crusts in pre-damphotographs(Turner and Karpiscak,1980; Webb, 1996), suggests that regular
scourlimit ed its colonization in the pre-damriver.

Unlike thetightly linked Cladophora assemblagein theclearwatersegment, thebenthosdownstreamfrom the
PariaRiver consistedof a looseassociation betweenOscillatoria , andfilter-feedingSimuliiumandooze-feeding
chironomids. Filter-feeding Simuliium larvaeareoften abundant primary colonizerson firm substrata in rivers,
suchasrecentlydisturbedrock surfaces anddriftwoodin moderateto high velocity settings(e.g.Ulfstrand et al.,
1974).At thescaleof bedrock-definedreaches,estimatedtotal Oscillatoria standing massincreasedoverdistance
downstream.At themicrositescale,Oscillatoria covertendsto benegatively correlatedwith Simuliium because
both taxarequired firm substrata. Foodresourcesfor otherdownstreammacroinvertebratesappear to be limited
by reducedCladophora AFDM andconsequentreduction in epiphytedensities,asdemonstratedby low estimated
total invertebratestanding massvalues.

An alteredbenthos

Dam-relatedincreasedwaterclarity andtemperaturehaveoverriddenlocal geomorphological influenceson the
Colorado River benthos, as demonstrated by the following observations. (1) The tailwaters benthos is
incrementally affectedby baseflow stage,flow fluctuationsandseasonal aspects of the flow regime (Usherand
Blinn, 1990;Angradi andKubly, 1993;Blinn et al., 1995).(2) Cobble-bar AFDM decreased by more than37-
fold downstreamfrom thePariaRiver confluence,andtwo-fold morepasttheLit tle ColoradoRiver confluence,
in concert with reducedwaterclarity. However,standing masswasonly two-fold higher in wide versusnarrow
reachesdownstream from the Paria River, indicating that geomorphological influences were weaker than
turbidity-relatedeffects.(3) Diff erencesbetween standing masson firm- versussoft-bottomedhabitatsincreased
from three-fold at LeesFerryto morethan20-fold in thelower Canyon,indicating increasedimportanceof riffle/
rapid habitats to the benthosover distancedownstream.(4) Lastly, dam-inducederosionof fine sedimentshas
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exposed additional coarsesubstrata in the LeesFerry area(Howard and Dolan, 1981), increasing the habitat
available for Cladophora glomerata colonization.

The post-damaquatic macroinvertebrate fauna in the Grand Canyon portion of the Colorado River is
remarkably depauperate compared with other rivers. Virtually no Ephemeroptera,Plecopteraor Trichopterawere
collected in themainstreamin 1991.Cold-stenothermic releasesmaynot permit thesetaxato completetheir life
cyclesin the river. Thesetaxaareabundant in unregulated streamsthroughout this region, including Colorado
River tributaries in GrandCanyon (Hofknecht, 1981)andin the lessregulatedreachesof theColorado,SanJuan
and lower Greenrivers upstream from Lake Powell (Ward and Stanford, 1991; L.E.S. and J.P.S., personal
observations).Ephemeropteraandother taxashould be abundant in the clear watersegment, but areapparently
excludedby thestenothermic releases(HauerandStanford, 1982,1991).Thepre-impoundmentColoradoRiver
may have been characterized by low benthic standing massas a result of high turbidity and high flood–
disturbanceintensity, as reported in other large, turbid rivers (Junk et al., 1989); however, pre-dam aquatic
invertebratespeciesdiversity wasprobably higher thanthat following flow regulation.

Temperature and turbidity regimesstrongly influence benthicassemblages in regulatedrivers (Ward, 1976;
Ward and Stanford, 1982; Armitage,1984). Cold, stenothermic temperaturesprobably reduced the Colorado
River macroinvertebratediversity by eliminating key developmentalcues(sensuVannote andSweeney,1980),
while increasedbenthiclight availability hasincreasedbenthic standing mass,andproduction(e.g.Angradiand
Kubly, 1993),especially in theclearwaterreach. Althoughasmalltributary, thePariaRiverdramatically reduces
benthic light availability; however, no tributary in this system is large enough to influence mainstream
temperature. Given a maximumaestival warming rateof 0�023�C/km in 1991,recovery to the annualpre-dam
summer maximumwater temperature of 29�4�C would require a mainstreamrun of 930km, but sucha run is
prevented by other downstreamdams.

Therole of coarsedetritusin this river hasalsobeensubstantially alteredby flow regulation. Largeamountsof
driftwood accumulatedin specific eddiesin thepre-damriver, asattestedto by thediariesof numerouspre-dam
river-runners.Large woody debris is now derivedfrom tributaries during floods,or from occasional scouring
flows of the profuselyvegetated post-damshorelines (Stevenset al., 1995).Flow regulation reduced organicas
well asinorganic sedimenttransport. Our data(Figure3D) andreach-basedestimates(Figure8D), andthoseof
Shannonet al. (1996), demonstrate that post-dambenthic detrital standing mass is generally low andvariable,
increasing throughthe moreturbid downstreamreaches.

Relationshipsto river models

Within the conceptual framework of the river continuum model (RCM) and its corollaries(Vannoteet al.,
1980;Minshall et al., 1985;Elwoodet al., 1983;Sedell et al., 1989;ThorpandDeLong,1994),theSDC(Ward
and Stanford, 1983) emphasizesthe role of dam size and location in the drainagein the resetting process in
regulatedrivers. Recentconsiderationof theSDCin relation to alluvial rivers furtherdraws attention to the role
of floodplains, which may affect channel stability, thermal regime, biodiversity and FPOM/CPOM ratios in
regulatedrivers (Ward andStanford, 1995),andthe difficultiesof restoring largeregulatedrivers (Ligon et al.,
1995).

Our studydemonstratesthat reach-basedchannel geometry mediatesdistance-relatedrestorationof ecosystem
components andprocessesin this large,geomorphologically complex regulated river. The circuitous‘recovery’
of theColoradoRiver maybestbeexplainedby coupling model predictionsrelatedto dam-inducedreduction of
flood disturbanceand thermal variability (Ward and Stanford, 1982; Junk et al., 1989), reach-basedchannel
geometry influences(Sedellet al., 1989; BrussockandBrown, 1991),and localized autochthonousproduction
(Townsend, 1989; Thorp and Delong, 1994),with SDC predictions. Rather than being resetto an equivalent,
lower streamorder, the GrandCanyonsectionof the ColoradoRiver displays regionally unusual temperature,
flow and turbidity regimes which reduce benthic diversity but increasestanding biomass in clear water and
variably turbid segments.

Managementconsiderations

Managingdamsto maintain or improve riverine fish populationsrequiresa soundunderstanding of benthic
assemblagestructureand food baseresponsesto flow characteristics (Armitageet al., 1987;Gore,1989).Our

COLORADO RIVER BENTHOS 145

# 1997by JohnWiley & Sons,Ltd. Regul.Rivers.Vol. 13, 129–149(1997)



data demonstrate that dam influenceson water clarity, temperature and substratum availability exert strong
effectson assemblagecomposition andstandingmass,with potentially largeeffects on fish (Blinn et al., 1995).
Designed to protect river resources,we predict that the recently implementedflow regime of reduced flow
velocity andvariability, will increase waterclarity andfine sedimentdeposition, andwill reducebenthic scour,
on a system-wide basis.Theseeffectsmay increase benthicalgal colonization in upperreaches,andmaypermit
downstreamexpansionof otheraquatic plant populations.

TheUS Bureauof Reclamationhasproposedintentional warming of theriver by construction of a multi-level
withdrawalstructureon theupstream faceof thedam.Warmersummer river temperaturesmay increasebenthic
invertebrate,andpossibly macrophyte, diversity andproduction. However,warmer temperaturesmay alsoalter
competitive hierarchies and the distribution of Cladophora, Oscillatoria, epiphytes and other macrophytes,
therebyaffectingthe invertebratefood baseandnon-nativefish populationsin unpredictableways (Blinn et al.,
1989).

Naturalecological analoguesof regulated rivers may provide insight into managementoptionsandpotential
development in this river system.Exceptfor flow magnitudeandhourly variation, conditions in the tailwaters
reachresemblethose of cold, stenothermic spring-fed tributaries in Grand Canyon,which support abundant
invertebratesnot presently found in the tailwaters reach. In contrast, mainstreamthermal and benthic light
conditionsdownstreamfrom thePariaRiver resemble thoseof turbid glacial rivers(e.g.Milner, 1987)for which
no regionalanalogueexists.Wherepre-impoundment conditionsareunknown andwhereno naturalecological
analoguesexist, management mustbe basedon clearly articulated evaluationof resources andtrade-offs. Such
practiceswill limit undesiredchanges in the benthos,fisheries andriparian biota.
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